Influenza virus is a member of the family Orthomyxoviridae, and is an enveloped virus that contains a genome composed of eight segments of negative-sense singlestranded RNA (ssRNA) tightly surrounded by nucleoprotein (NP). Haemagglutinin (HA) and neuraminidase (NA) are the major viral glycoproteins that are detected by antibodies, and that define the subtype of the virus. Influenza viruses are classified as seasonal or pandemic depending on the genetic changes that are incorporated from year to year that dictate the severity of disease outcome
. Influenza viruses can infect diverse host species, including pigs, birds and humans. Human infection by influenza viruses initiates in the respiratory tract and in most cases infection is contained within this organ. Influenza virus that enters the host through the oral or nasal cavities is first countered by the mucus that covers the respiratory epithelium. If the virus is successful in getting through the mucous layer, it must next attach to and invade the respiratory epithelial cells. From there, the virus can spread to both non-immune and immune cells (such as macrophages and dendritic cells (DCs)) in the respiratory tract 1, 2 . The defence mechanisms that are provided by the innate immune system are a formidable barrier to influenza virus. A specialized immune system exists at distinct mucosal surfaces to combat invasion by pathogens. The viral RNA that is present within infected cells is recognized as foreign by various pattern recognition receptors (PRRs), which leads to the secretion of type I interferons (IFNs), pro-inflammatory cytokines, eicosanoids and chemokines. Type I IFNs -produced by macrophages, pneumocytes, DCs and plasmacytoid DCs (pDCs) [3] [4] [5] -stimulate the expression of hundreds of genes that are collectively known as IFN-stimulated genes (ISGs) in neighbouring cells, which induce an antiviral state. Proinflammatory cytokines and eicosanoids cause local and systemic inflammation, induce fever and anorexia, and instruct the adaptive immune response to influenza virus. Chemokines that are produced at the site of infection recruit additional immune cells, including neutrophils, monocytes and natural killer (NK) cells, to the airways. Virally infected epithelial cells become the targets of NK cells, which mediate viral clearance 6 . Monocytes and neutrophils are rapidly recruited to the influenza virus-infected lung and help to clear infected dead cells. Together with alveolar macrophages, phagocytic clearance of virus-infected cells by recruited phagocytes provides an important mechanism of viral clearance 7 . If the virus is successful in establishing infection despite these defences, the ultimate clearance of the virus requires adaptive immunity. The regulation of adaptive immunity to influenza virus has been recently reviewed elsewhere 8 and is therefore not discussed here. Over the past few decades, many fundamental discoveries have been made regarding the mechanisms by which influenza virus is recognized and contained by the innate immune system. The understanding of host protection at the organismal level must take into account factors that are beyond cell-intrinsic viral control. The health of the host organism can be restored following infection either by reducing the pathogen burden (antiviral resistance) or by reducing the negative impact of infection on host fitness (disease tolerance) (FIG. 1) . The ability of a host to tolerate the presence of a
Pattern recognition receptors
(PRRs). Germ-line encoded host receptors that are membrane bound (such as Toll-like receptors) or soluble and present in the cytoplasm (such as RIG-I, MDA5 and NLRs) and sense pathogenassociated molecular patterns and initiate signalling cascades that lead to innate immune responses.
Type I interferons
(Type I IFNs). Cytokines that are rapidly induced by virus infection, as well as by some bacterial infections. They act on the IFN receptor to limit viral replication and to enhance antigen-specific immune responses.
Innate immunity to influenza virus infection

Akiko Iwasaki and Padmini S. Pillai
Abstract | Influenza viruses are a major pathogen of both humans and animals. Recent studies using gene-knockout mice have led to an in-depth understanding of the innate sensors that detect influenza virus infection in a variety of cell types. Signalling downstream of these sensors induces distinct sets of effector mechanisms that block virus replication and promote viral clearance by inducing innate and adaptive immune responses. In this Review, we discuss the various ways in which the innate immune system uses pattern recognition receptors to detect and respond to influenza virus infection. We consider whether the outcome of innate sensor stimulation promotes antiviral resistance or disease tolerance, and propose rational treatment strategies for the acute respiratory disease that is caused by influenza virus infection.
Antigenic drift
A process by which circulating influenza virus genomes are constantly changing, which allows the virus to cause annual epidemics. Antigenic drift occurs when mutations accumulate in the haemagglutinin and neuraminidase genes that alter the antigenicity of these proteins such that the 'drifted' strains are no longer neutralized by antibodies that were specific for previously circulating strains.
Antigenic shift
A process by which a new influenza A virus haemagglutinin subtype (with or without an accompanying new neuraminidase subtype) is introduced into the human population, which often lacks prior experience of and immunity to the subtype. Antigenic shift can occur as a result of the direct introduction of an influenza virus from an animal or avian host into humans or by the exchange or reassortment of gene segments between human and non-human influenza viruses when they co-infect animals or humans.
pathogen is a distinct host defence strategy, which has mostly been ignored in animal and human studies [9] [10] [11] . Protection of a given host from infectious disease is dictated by these two fundamentally distinct strategies. Most acute infection requires resistance for host survival, however disease tolerance is a mechanism that protects the host against some acute and chronic infections: for example, infection of the African green monkey and sooty mangabey with simian immunodeficiency virus (SIV) results in high viral burden but is non-pathogenic 12 .
In this Review, we highlight the mechanisms of innate immune recognition and defence against influenza virus infection, and consider the role of innate immune responses to influenza virus in controlling disease through their effects on antiviral resistance and disease tolerance.
Innate recognition of influenza virus infection
The innate immune system detects viral infections through the recognition of pathogen-associated molecular patterns (PAMPs) by PRRs; these PAMPs are specifically present in the pathogen or are generated during infection 13, 14 . Influenza virus is recognized by the innate immune system by members of at least three distinct classes of PRRs (with their respective ligands indicated); the Toll-like receptors TLR3 (double-stranded RNA (dsRNA)), TLR7 (ssRNA) and TLR8 (ssRNA), retinoic acid-inducible gene I (RIG-I) (5ʹ-triphosphate RNA) and the NOD-like receptor family member NOD-, LRR-and pyrin domain-containing 3 (NLRP3) (various stimuli; see below) 15 (FIG. 2) . RIG-I and NLRP3 detect virus that is present within the cytosol of infected cells (cell-intrinsic recognition), whereas TLR3 detects virusinfected cells, and TLR7 (and TLR8 in humans) detect viral RNA that has been taken up into the endosomes of sentinel cells (cell-extrinsic recognition).
Studies using high or lethal doses of influenza A viruses in mice that are deficient in innate sensors and signalling pathways have revealed the roles of these sensors and pathways in both innate resistance and host tolerance, as the host often succumbs to the infection before they have had a chance to generate robust adaptive immune responses. In parallel, challenge with sublethal doses of influenza A virus or with inactive virus enables the host to survive the infection by mounting a protective adaptive immune response, and such studies have provided insights into which viral sensors link innate recognition to adaptive immunity.
TLR-mediated recognition of influenza virus. TLR3 recognizes dsRNA in endosomes 16 . As influenza virusinfected cells do not generate dsRNA 17 , due to the activity of the cellular RNA helicase UAP56 (also known as spliceosome RNA helicase DDX39B) 18 , it is likely that TLR3 recognizes currently unidentified RNA structures that are present in dying influenza virus-infected cells that have been phagocytosed 19 (FIG. 2a) . Human respiratory epithelial cells constitutively express TLR3, the activation of which induces the production of pro-inflammatory cytokines upon influenza virus infection 20 but can lead to pathology [20] [21] [22] . Indeed, Tlr3 −/− mice survive longer than wild-type mice following lethal influenza virus infection, despite sustaining higher viral loads in the lungs 22 . In the absence of TLR3, chemokine expression in the lungs, as well as the infiltration of leukocytes and CD8 + T cells, is reduced after influenza virus challenge. Tlr3 −/− mice generate normal antibody, CD4 + T cell and CD8 + T cell responses to sublethal doses of influenza virus infection 23 , which indicates that this sensor is dispensable for generating T cell immunity. Thus, although TLR3 induces signals that restrict viral replication, it simultaneously promotes the recruitment of innate and adaptive immune cells that cause damage to the host.
In pDCs, TLR7 recognizes the ssRNA genomes contained within the influenza virion that are taken up into the endosome 24, 25 (FIG. 2a) . This mode of recognition does not require viral replication. TLR7 signalling via the adaptor MYD88 from distinct endosomes [26] [27] [28] results in the activation of either nuclear factor-κB (NF-κB) or IFNregulatory factor 7 (IRF7), which are transcription factors that are responsible for stimulating the expression of pro-inflammatory cytokines and type I IFNs, respectively.
Although one study has shown that mice deficient in TLR3 and TLR7 or MYD88 that are challenged with high doses of influenza virus are unable to control virus replication and succumb to the infection 29 , another study did not find a requirement for TLR7 or MYD88 in immune defence against high-dose influenza virus challenge 22 . Thus, the role of TLR7 in innate defence remains unclear, at least in inbred mice. However, TLR7 has a key role in innate defence in the context of mice that express IFNinduced GTP-binding protein MX1 (also known as myxovirus resistance protein 1)
. By contrast, infection with sublethal doses of influenza virus has demonstrated an important role of TLR7 in eliciting robust antibody responses to influenza virus, but not T cell responses 23, 30, 31 . Thus, TLR7 has an important role in antiviral Box 1 | Seasonal, pandemic and highly pathogenic influenza viruses Influenza virus is typically contracted via the respiratory mucosa by inhalation of aerosols that contain virions. Seasonal influenza viruses arise as a result of mutations that are introduced by the viral polymerase, by a process known as antigenic drift, which generates antigenic variants within the haemagglutinin (HA) and neuraminidase (NA) proteins that escape existing antibody-mediated immune responses in humans. Although the incidence of seasonal influenza can vary widely between years, approximately 36,000 deaths and more than 200,000 hospitalizations are directly associated with influenza virus infection every year in the United States with a total cost of over US$10 billion per year 123 . In addition to seasonal influenza viruses that arise as a result of antigenic drift, reassortment of the viral genome within a single infected cell can generate antigenic shift in the HA and NA proteins and this may result in pandemic strains every 10-20 years to which a large proportion of the world's population may be susceptible, with morbidity and mortality in the millions worldwide 124 . Furthermore, highly pathogenic H5N1 avian influenza viruses that are associated with a high fatality rate (greater than 60%) have been reported in Southeast Asia, Europe and Africa. In rare instances, human-to-human transmission of the H5N1 virus seems to have occurred 125 , which suggests that this virus has the potential to cause an influenza pandemic 126 . In addition, recent reports of viral adaptation for mammalian host transmission have confirmed the possibility of human-to-human transmission of H5N1 viruses 127, 128 . Therefore, the development of rapid and effective vaccines and interventions against influenza virus infection remains an urgent public health need. 33 . Within the cytosol of influenza virus-infected cells, RIG-I recognizes the 5ʹ-triphosphate viral ssRNA that is generated after viral replication 17, [34] [35] [36] (FIG. 2c) . The intact genomic ssRNA containing 5ʹ-triphosphate 35 and shorter genomic segments, as well as subgenomic defective interfering particles bearing 5ʹ-triphosphate 36 , have been identified as ligands for RIG-I in influenza virus-infected cells. Upon recognition of viral RNA, the helicase domain of RIG-I binds to ATP, which facilitates conformational changes that enable its caspase-recruitment domains to bind to the signalling adaptor mitochondrial antiviral signalling protein (MAVS) [37] [38] [39] . Given that influenza virus replicates within the nucleus, the precise nature and the location of the RNA that is detected by RIG-I had previously remained a mystery. However, a recent study 40 demonstrated that RIG-I enters antiviral stress granules, where viral RNA and ISG products -such as the serine/threonine kinase protein kinase R (PKR; also known as EIF2AK2) -colocalize. Disruption of antiviral stress granules was shown to reduce RIG-I-mediated IFN responses. PKR is required to generate antiviral stress granules, and the viral protein NS1 blocks antiviral stress granule formation by interfering with PKR 40 . This study suggests that the components that are needed for RIG-I signalling (such as viral RNA, RIG-I and PKR) are directed to stress granules to mediate the efficient induction of the type I IFN response.
MAVS signalling results in the production of proinflammatory cytokines downstream of NF-κB activation and in the production of type I IFNs and ISGs via IRF3 activation. Mice that are deficient in MAVS have similar viral loads and survival rates to wild-type mice when challenged with a lethal dose of influenza virus 29 . Furthermore, low-dose viral challenge revealed that MAVS-deficient mice have normal adaptive immune responses to influenza virus infection 29, 31, 41 . Therefore, in experimental mouse models, MAVS has a minimal role in innate and adaptive immunity to influenza virus infection in inbred mice that lack MX1
. However, the role of RIG-I-like receptor (RLR) signalling in innate defence has not been tested in MX1-sufficient mice. Furthermore, the fact that the NS1 protein of influenza virus has evolved to block RIG-I signalling 17, 42 indicates that RIG-I-mediated recognition is a key antiviral determinant in naturally infected hosts.
NLRP3 inflammasome senses cellular damage.
NLRPs form multiprotein inflammasome complexes consisting of an NLRP (or other PRRs), the adaptor ASC and procaspase 1. Activation of inflammasomes results in the autocatalytic processing of pro-caspase 1 into its active form, which then cleaves pro-IL-1β and pro-IL-18 into IL-1β and IL-18, respectively, which can then be secreted (FIG. 2b) . In addition, inflammasome activation can elicit pyroptosis of infected cells 43 . Formation of the NLRP3 inflammasome is triggered by numerous stimuli including host cell of membrane damage, infection or stress 44 . NLRP3 is expressed by myeloid cell types, such as monocytes, DCs, neutrophils and macrophages 45 , and also by human bronchial epithelial cells 46 . Two signals are required to trigger cytokine production by the inflamma some. Signal 1 activates the transcription and trans lation of the genes encoding pro-IL-1β, pro-IL-18 and NLRP3, and is mediated by TLR, IL-1 receptor (IL-1R) and tumour necrosis factor receptor (TNFR) signalling 44 . Signal 2 is induced by host damage that results in the activation and cleavage of caspase 1, and the secretion of mature IL-1β and IL-18. In vivo, signal 1 is maintained in large part by commensal bacteria
. Signal 2 is reported to be provided by at least three influenza virus-associated stimuli. First, ssRNA from influenza virus was shown to be sufficient to Nature Reviews | Immunology 
Disease tolerance
A host strategy to reduce tissue damage inflicted by pathogens or the immune response to pathogens.
Antiviral stress granules
Dense cytoplasmic aggregates of RNA and proteins that appear when a cell is under stress. Stress granules contain stalled translation initiation complexes and processing bodies, and are a site for the storage of transiently repressed mRNA.
Inflammasome
A molecular complex of several proteins that upon assembly activates caspase 1, which in turn cleaves substrates including pro-interleukin-1 (pro-IL-1), thereby producing active IL-1.
Pyroptosis
A form of programmed cell death that requires caspase 1 downstream of inflammasome activation. Pyroptosis is accompanied by pore formation and cell swelling, and is an inflammatory form of death.
Mitofusin 2
A mitochondrial GTPase that is embedded in the outer membrane that participates in mitochondrial fusion.
activate the release of IL-1β from the THP1 cell line upon transfection 47 . Second, proton flux through the influenza virus-encoded matrix 2 (M2) ion channel in the trans-Golgi network triggers NLRP3 activation, formation of the inflammasome and cleavage of pro-IL-1β and pro-IL-18 (REF. 48 ). Proton flux through the viral M2 ion channel neutralizes the acidic pH of the trans-Golgi in order to prevent activation of HA to its fusogenic form, and this activity somehow triggers the activation of NLRP3 inflammasome. Third, in lipopolysaccharideprimed macrophages, high-molecular-weight aggregates of the influenza virus virulence protein PB1-F2 in lysosomes stimulate the activation of the NLRP3 inflamma some, presumably in cells that have taken up dying infected cells that contain the amyloid fibre-like structures of PB1-F2 (REF. 49) (FIG. 2b) .
In macrophages, influenza virus-induced NLRP3 activation requires a change in mitochondrial membrane potential and mitofusin 2, which associates with NLRP3 to form the inflammasome complex 50 . Therefore, mitochondria have an important role in NLRP3 activation in influenza virus-infected cells 51 . In human bronchial epithelial cells, the priming of signal 1 (expression of IL1B and NLRP3 mRNA) requires RIG-I-dependent IFN production followed by signalling through the type I IFN receptor (IFNAR). In addition, RIG-I directly binds to ASC to form the RIG-I-ASC inflammasome in airway epithelial cells 46 . Thus, influenza virus infection stimulates the activation of distinct inflammasomes -NLRP3 inflammasomes in myeloid cells and RIG-I inflammasomes in airway epithelial cells.
The importance of NLRP3 inflammasomes in innate defence against influenza virus has been demonstrated by two studies 47, 52 . After a high-dose viral challenge with the A/PR8 strain of influenza A virus, NLRP3 was found to be essential for the recruitment of leukocytes into the lungs 47 . In addition, mice that are deficient in NLRP3, caspase 1 or IL-1R all suffer from increased pulmonary necrosis and reduced respiratory function, which leads to increased mortality compared with wild-type controls 47 . Unlike type I IFNs, IL-1β and IL-18 do not induce direct antiviral resistance 53, 54 , which indicates that the susceptibility to influenza virus challenge in inflammasome-deficient mice is independent of a failure to contain viral replication. Consistent with this, both studies found no difference in viral load between NLRP3-deficient and wild-type mice 47,52 until 7 days post infection 52 . This suggests that NLRP3-mediated host protection involves an increase in disease tolerance and not antiviral resistance. Specifically, NLRP3 inflammasome activation increases the tolerance of tissues to high-dose influenza virus challenge through cellular recruitment 47, 52 and the induction of tissue repair 47 in the respiratory tract. Furthermore, the use of low-dose influenza virus challenge has revealed a crucial role for inflammasomes and IL-1R signalling in the activation of B cell and T cell responses 41, 55 .
ISGs against influenza viruses
Genetic studies in mice have demonstrated the nonredundant role of several ISGs -including MX proteins, IFN-inducible transmembrane (IFITM) proteins and PKR -in limiting influenza virus infection and spread (TABLE 1) . MX proteins were among the first ISGs to be identified that restrict influenza virus infection 56 . In mice, the MX1 protein is expressed in the nucleus, and is a potent blocker of influenza virus infection, whereas MX2 protein is present in the cytosol and has no anti-influenza virus activity 57 . Humans express the MX proteins MXA and MXB when stimulated with IFNs. MXA protein is cytosolic, and has potent antiviral activity towards influenza A virus, as well as many other viruses [58] [59] [60] . By contrast, MXB protein is present at the cytoplasmic face of nuclear pore complexes and has recently been shown to inhibit HIV-1 infection but not influenza A virus infection 61, 62 . Caution must be exercised in translating mouse data into a human setting as almost all inbred mouse strains lack functional MX1 and MX2
.
IFITM proteins restrict the replication of a large number of viruses, including influenza A virus 63 , by blocking virus-host cell membrane fusion following viral attachment and endocytosis. IFITM3-deficient mice are highly susceptible to influenza virus infection 64, 65 . IFITM3 is constitutively expressed by respiratory epithelial cells, macrophages and endothelial cells. IFITM3-deficient mice are as susceptible to influenza virus infection as mice lacking the entire Ifitm locus (that is, lacking the Ifitm1, Ifitm2, Ifitm3, Ifitm5 and Ifitm6 genes), which highlights a key requirement for IFITM3 in innate resistance to influenza virus infection 64 . Indeed, although IFITM3-deficient mice can initially control viral replication, they succumbed on day 4 post infection with the A/X-31 or A/H1N1/09 influenza virus strains . Of note, IFITM3-deficient mice develop severe oedema and haemorrhagic pleural effusion 65 , which suggests that IFITM3 may have a role in limiting host damage, in addition to mediating resistance to influenza virus infection.
The 2ʹ-5ʹ-oligoadenylate synthase (OAS) family and ribonuclease L (RNase L) act together to degrade viral RNA in the cytosol. Upon binding of dsRNA, OAS becomes enzymatically active, converting ATP
Box 2 | MX protein deficiencies in inbred mouse strains
Most inbred strains of mice carry Mx1 genes with a large deletion or a nonsense mutation 129 and also carry defective Mx2 genes 57 . Therefore, much of the knowledge gained using conventional inbred mouse strains (such as C57BL/6 and BALB/c) is in the context of Mx1 and Mx2 double deficiency. Mice that express Mx1 in its natural locus are highly resistant to influenza virus infection 55 ,130 . In MX1-sufficient mice, MYD88 or TLR7 deficiency has been shown to lead to severely compromised protection against the highly pathogenic H7N7 influenza A virus strain 131 . This protection was attributable to plasmacytoid dendritic cells (pDCs), as depletion of pDCs led to an increase in lung viral load. This report highlights the importance of studying innate sensors that mediate antiviral defence within the context of interferon-stimulated gene-expressing mice, as previous studies in MX1-deficient mice found no role for pDCs in antiviral defence 132, 133 . In addition, innate sensors that instruct adaptive immunity should be examined in the context of MX1-sufficient mice, as MX1 is expected to influence the extent of viral infection and damage that is sustained by various cell types that are involved in lymphocyte activation.
into 2ʹ-5ʹ-oligoadenylate, which functions as a second messenger to activate latent RNase L. There are four OAS genes and multiple splice variants of each gene in humans and mice 66 . Activated RNase L degrades viral and cellular ssRNAs, which inhibits protein synthesis and viral growth (TABLE 1). Mice that are deficient in RNase L suffer from increased susceptibility to RNA viruses including influenza virus 67 . PKR is a serine/threonine kinase that phosphorylates the α-subunit of eukaryotic translation initiation factor 2α (EIF2α). PKR binds viral dsRNA and inhibits translation, which results in a decrease in total cellular and viral protein synthesis, thereby effectively reducing viral replication. In addition, PKR has a role in signal transduction and transcriptional control through activation of the inhibitor of NF-κB (IκB)-NF-κB pathway 68 . Activation of PKR in infected cells results in apoptosis, cell growth arrest and autophagy, all of which serve to curb viral replication and spread in the host 66 . In addition to the virus-restricting function of PKR, it also stabilizes IFNA and IFNB mRNA, thereby ensuring robust IFN protein production 69 . Mice that are genetically deficient in PKR are susceptible to various viral infections, including influenza virus 70 . Given the fact that influenza virus infection does not generate dsRNA 17, 18 , it is likely that the panhandle secondary structure that forms between the termini of the viral RNA genome stimulates PKR during influenza virus infection 71 . In addition to the well-known ISGs described above, new investigative approaches have revealed that many other ISGs are capable of blocking influenza virus infection (TABLE 1) . For example, the overexpression of ISGs including monocarboxylate transporter 1a (Slc16a1), Fam46a, serine/threonine protein kinase D2 (Prkd2), Mx1, Irf1, Ifitm2 and Ifitm3 suppressed influenza A virus infectivity in mouse fibroblasts 72 . However, the mechanism by which SLC16A1, FAM46A and PRKD2 block viral replication is unknown. In addition, overexpression of the gene encoding viperin (also known as RSAD2) blocks influenza virus release by interfering with the formation of the lipid raft from which the virus buds 73 . The antiviral ISG cholesterol 25-hydroxylase (Ch25h) is expressed in response to IFN signalling, and the enzyme converts cholesterol to soluble 25-hydroxycholesterol (25HC), which is broadly antiviral for enveloped viruses including influenza virus 74, 75 by blocking viral fusion. Tripartite motif-containing protein 22 (TRIM22) blocks viral genome encapsidation, and suppresses influenza virus infection 76 . ISG15 is a ubiquitin-like protein that targets newly translated viral proteins 77 , and ISG15-deficient mice are more susceptible to influenza virus infection, as well as infection with other viruses 78 . Thus, studies in knockout mice have revealed a nonredundant role for multiple ISGs in restricting influenza virus replication in vivo, prompting the question of why none of these individual ISGs is sufficient to promote innate immune protection in the host. One possible explanation is that different cell types express and use distinct sets of ISGs.
Disease tolerance versus pathology
Host protection against any infection can be conferred either by increasing innate resistance or by increasing host tolerance to infection. However, highly pathogenic influenza viruses induce excessive inflammatory (BOX 2) that lacked IFNLR were only slightly more susceptible to influenza virus than wild-type mice, MX1-sufficient mice that lacked both IFNAR and IFNLR failed to restrict a usually nonpathogenic mutant of influenza virus that lacks the IFN-antagonistic factor NS1 (REF. 81 ). This indicates a non-redundant role for type I and type III IFNs in resistance to influence virus infection. Mice that are deficient in signal transducer and activator of transcription 1 (STAT1), which fail to signal through all three IFN receptors, generate CD8 + T cell responses to influenza virus infection but fail to generate an IgG2a response and have exaggerated T helper 2 (T H 2) cell and IgE responses 82 . Therefore, all three IFN types contribute to innate antiviral resistance and are required to elicit a robust adaptive immune response that promotes the clearance of the virus.
Box 3 | Commensal bacteria: setting the activation threshold for adaptive immunity
The commensal microbiota have an integral role in host physiology and development. Recent studies implicate commensal bacteria in the innate priming of adaptive antiviral immune responses to influenza virus. Mice that have been treated with a 4-week course of a combination of oral antibiotics (vancomycin, neomycin, metronidazole and ampicillin) have diminished antibody, CD4 + T cell and CD8 + T cell responses, and upon low-dose challenge with the A/PR8 influenza virus strain are unable to clear the virus. Compared with control mice, antibiotic-treated mice had lower mRNA levels of pro-interleukin-1β (IL-1β) and pro-IL-18, diminished IL-1β secretion and fewer pulmonary dendritic cells (DCs) that had migrated to the draining lymph nodes 134 . These data suggest that the signal 1 that is required for NOD-, LRR-and pyrin domain-containing 3 (NLRP3) inflammasome activation is constitutively provided by the pathogen-associated molecular patterns (PAMPs) of commensal bacteria. In support of this hypothesis, rectal or nasal administration of Toll-like receptor (TLR) ligands restored adaptive immune responses after influenza virus infection. Thus, it is thought that mucosa-resident sentinel cells -such as CD11b + intestinal macrophages 135, 136 and alveolar macrophages (I.K. Pang and A.I., unpublished observations) -sense commensal bacterial PAMPs to maintain signal 1 during steady-state conditions. Upon influenza virus infection, the sentinel cells become infected, and the expression of the M2 ion channel in the trans-Golgi network or viral RNA accumulation in the cytosol results in the robust activation of inflammasomes, which leads to IL-1β secretion and the death of infected cells 47, 48 . While viral-associated PAMPs that stimulate TLR7 and retinoic acid-inducible gene I (RIG-I) can also prime signal 1 within infected cells 46, 48 , commensal bacteria-mediated priming provides the host with pre-made IL-1β prior to infection. Uninfected antigen-presenting DCs take up viral antigens from dying infected cells and are stimulated by IL-1β to upregulate expression of CC-chemokine receptor 7 (CCR7) and to migrate to the draining lymph nodes 41 . There, influenza virus-specific naive T cells are primed for proliferation and differentiation. This scenario is consistent with the fact that the antigen-presenting DCs are not themselves infected by influenza A virus 137 , and that virus replication in non-haematopoietic cells is sufficient to elicit robust adaptive immune responses 138 . The role of commensal bacteria in providing a tonic signal for the activation of adaptive immune responses was also demonstrated in another study 139 . Infection of antibiotic-treated mice with the A/PR8-GP33 influenza virus strain led to impaired B cell and T cell responses, and to severe pathology and increased mortality as compared to untreated mice. The increased susceptibility to influenza virus pathology in antibiotic-treated mice is probably the result of impaired adaptive immune responses, as viral control in these mice remained intact until 12 days post infection. Antibiotic-treated mice had impaired type I interferon (IFN) and IFN-stimulated gene (ISG) transcription after influenza virus infection, and macrophages that were isolated from antibiotic-treated mice had an impaired ability to respond to type I and type II IFNs. Treatment of these mice with the TLR3 ligand polyinosinic:polycytidylic acid (poly I:C) in vivo restored their ability to mount an adaptive immune response and clear influenza virus. Together, these studies indicate that the commensal microbiota continuously provide signals that lead to activation of innate genes including those that mediate inflammasome activation and ISG expression in mucosal sentinel cells, which maintains their capacity to prime adaptive immune responses following influenza virus infection. Several aspects remain unknown, including the source and type of commensal bacteria, and which components of these bacteria trigger the tonic signal. 
Amphiregulin
An epidermal growth factor (EGF)-like growth factor that stimulates tissue remodelling and the growth of epithelial cells through binding to its receptor, EGFR. Amphiregulin has been shown to restore lung function after influenza virus infection.
Airway hyperresponsiveness
A hyperreactivity of the airways that is initiated by exposure to a defined stimulus and is usually tolerated by normal individuals but that causes bronchoconstriction and inflammatory cell infiltration in allergic individuals.
γδ T cells
T cells that express a T cell receptor that consists of a γ-chain and a δ-chain and that are involved in innate immune responses. γδ T cells are present in the skin, digestive tract and reproductive mucosa.
Viability-associated PAMPs
(Vita-PAMPs). Members of a special class of pathogen-associated molecular patterns (PAMPs) that are recognized by the innate immune system to signify microbial life. These patterns differentiate dead and living microorganisms to allow for the scaling of appropriate immune responses based on the level of threat that the microbial signals represents.
In addition to IFNs that induce antiviral effector molecules, other cytokines are known to increase resistance to influenza virus infection by recruiting other leukocytes to the affected tissue. Granulocyte colonystimulating factor (G-CSF) is secreted in the lungs of influenza virus-infected mice and promotes the recruitment of granulocytes, which promote viral clearance. Indeed, G-CSF-deficient mice are highly susceptible to low doses of influenza virus infection owing to impaired viral clearance 83 . Innate immune cytokines, such as IL-1 (REFS 41,54,55), IL-6 (REF. 84 ) and IL-18 but not IL-12 (REF. 85 ), also protect the host by promoting adaptive immune responses. IL-1 induces the migration of DCs from the lung to the media stinal lymph nodes 41 , and IL-18 promotes IFNγ production by CD8 + T cells 85 . By contrast, IL-10 is produced in influenza virus-infected lungs and impairs antiviral defence. In one study, enhanced viral clearance in Il10 −/− mice was not correlated with innate resistance or with T cell responses but was correlated with increased pulmonary anti-influenza virus antibody loads 86 . In another study, Il10 −/− mice developed an exaggerated T H 17 cell response that mediated viral clearance 87 . However, under some circumstances, IL-10 that is secreted by effector T cells has a key role in blocking inflammation and cell death following influenza virus infection 88 . Therefore, host resistance to influenza virus is induced by proinflammatory cytokines that instruct adaptive immune mechanisms to reduce viral burden, but this effect is antagonized by anti-inflammatory cytokines such as IL-10.
Innate immune responses that regulate disease tolerance. Innate host protection can also occur at the level of increased disease tolerance (FIG. 3) . In response to IL-33, innate lymphoid cells (ILCs) that are resident in the lung secrete amphiregulin, which is a member of the epidermal growth factor family that promotes tissue repair responses 89 . Depletion of ILCs did not affect viral loads following infection with the A/PR8 strain of influenza virus but resulted in impaired lung function and increased tissue damage 89 . Of note, ILCs in the lung also secrete IL-13 in response to H3N1 influenza virus challenge, which promotes airway hyperresponsiveness 90 . Therefore, although ILCs have the capacity to promote tissue healing by inducing epithelial repair, under certain circumstances ILC-derived cytokines promote mucus overproduction and airway remodelling, which leads to pathogenic inflammatory conditions in the lungs.
The classic immune regulator transforming growth factor-β (TGFβ) is expressed in a latent inactive form by almost all cell types. Influenza virus NA can cleave latent TGFβ into its active form, and in vivo blockade of TGFβ increases the mortality of mice that have been infected with the 2009 H1N1 or H5N1 influenza virus strains with a minimal effect on viral loads 91 . Expression of TGFβ from plasmid DNA that was injected into the lungs of influenza virus-infected mice resulted in reduced inflammatory responses but impaired viral clearance 92 . Therefore, TGFβ increases disease tolerance but impairs antiviral resistance, and an improved understanding of the balance of these processes would be required to determine the potential of TGFβ as a therapeutic target. Another mechanism that promotes tissue resistance against damage during influenza virus infection is mediated by CD200R, which is expressed by alveolar macrophages and suppresses the inflammatory function of macrophages through its interaction with CD200, which is expressed by lung epithelial cells. Mice that are deficient in CD200 succumb to A/X-31 H3N2 influenza virus infection and show increased nitric oxide production and inflammatory cellular infiltrates in the lungs, despite reduced viral loads 93 . Thus, both TGFβ and CD200 increase host tolerance to the immune damage that occurs following influenza virus infection, but this comes at the cost of an increase in viral burden.
In contrast to these molecules that promote host tolerance, other molecules can lead to a breakdown of tolerance. IL-17A and IL-17F are rapidly secreted by γδ T cells in the lungs of BALB/c mice in response to infection with the A/PR8 strain of influenza virus 94 . Mice that are deficient in IL-17R lose less weight, show reduced recruitment of neutrophils and have less tissue injury than wild-type mice, without affecting viral loads or on the activation of CD8 + T cells 94 . Similarly, TNFR1-deficient mice exhibit greatly reduced morbidity compared with wild-type mice following challenge with the H5N1 influenza virus strain, without any difference in viral replication and spread 95 . Thus, IL-17 and TNF promote untoward inflammation and the loss of tolerance to disease with no obvious contribution to resistance, thus providing ideal targets for clinical intervention.
In summary, pro-inflammatory cytokines can be classified as those that promote antiviral resistance, those that promote host tolerance or those that inflict tissue damage without an apparent benefit to the host (TABLE 2) . Understanding the relative impact of a given cytokine in resistance versus tolerance will help to better define opportunities to block or promote the effect of such a cytokine for improving host fitness in the clinic.
Innate signals that instruct adaptive immunity
Although innate immune responses control virus replication during the early phase of influenza virus infection, clearance and recovery from the infection requires adaptive immune responses. In particular, immunoglobulins that are specific for the HA and NA influenza proteins bind and block viral spread, and cytotoxic T cells and T H 1 cells promote the elimination of influenza virusinfected cells. The innate sensors that are expressed by antigen-presenting cells and B cells send key signals to promote these immune responses.
Redundancy, cooperation and hierarchy of innate sensors. PAMPs, such as viral genomic RNA that is contained within the virion, signal the presence of a pathogen to the host but do not necessarily indicate active infection. However, viability-associated PAMPs (vita-PAMPs) 96 are distinct patterns that signify to the host that the pathogen is alive. A marker of viability within the context of viral infection is viral replication, whereby replicating viral RNA could serve as vita-PAMPs.
Is there cooperation, complementation or redundancy in innate sensing through PRRs 97 ? Deficiency in MYD88 (downstream of TLRs), MAVS (downstream of RIG-I) or both has showed that these pathways compensate for the loss of the other upon high-dose influenza virus challenge in mice 31, 98 , which suggests that there is redundancy between TLRs and RIG-I. However, infection with a sublethal dose revealed a paradoxical role for TLR7 and MAVS signalling in the enhancement of viral replication through the recruitment of monocytes (viral target cells) to the respiratory tract 98 , which indicates that the virus utilizes redundancy between TLR7 and RIG-I to promote its replication. A systematic comparison of the genes that are activated by TLRs compared with RLRs showed that a small proportion of genes are uniquely turned on by TLRs but not RLRs, and vice versa 99 , revealing a non-redundant set of effector molecules. Therefore, Nature Reviews | Immunology Inflammatory cytokines (such as IL-1, tumour necrosis factor (TNF) and IL-17) that are induced as a result of innate signalling can also lead to pathology when the duration and extent of cytokine release is increased. Negative regulators of cytokines and inflammatory cells -such as IL-10 and CD200-CD200R -suppress inflammatory consequences, while positive regulators of tissue repair -such as amphiregulin and transforming growth factor-β (TGFβ) -promote a return to homeostasis. The balance between these negative and positive regulators determines whether the host succumbs to disease or can enter a state of tolerance (right). ILC2, type 2 innate lymphoid cell; NLRP3, NOD-, LRR-and pyrin domain-containing 3; ssRNA, single-stranded RNA.
Cross-priming
The initiation of a CD8 + T cell response to an antigen that has been taken up by antigen-presenting cells and re-routed to the MHC class I presentation pathway.
the redundancy between PRRs for a given response depends on the selective cellular expression of PRRs, whether the transcriptomes engaged by these receptors overlap, and the extent of viral burden. By contrast, it is likely that the NLRP pathway has a non-redundant role, as the cytokines and effector molecules that are induced by this pathway are distinct from those that are induced by TLR7 and RIG-I. Is there a hierarchy of these viral signatures in the instruction of adaptive antiviral immune responses to influenza virus? We speculate that the degree of threat that is associated with a given viral signature correlates with immunogenicity. The detection of cellular damage by inflammasomes outweighs the contributions of signals derived from TLR7 or RIG-I for CD8 + T cell induction; CD8 + T cells are generated normally in the absence of TLR7 or RIG-I signalling but are not generated in IL-1R-deficient mice upon infection with the A/PR8 influenza virus strain 41 . The source of IL-1 is probably inflammasome-dependent, as mice that are deficient in ASC and caspase 1 share the same phenotype of defective CD8 + T cell responses to influenza virus infection 55 that is seen in IL-1R-deficient mice. Why do IL-1R-deficient mice fail to generate CD8 + T cell immunity if PAMPs and vita-PAMPs are still robustly generated? A probable explanation is that IL-1R activation enables uninfected DCs to present viral peptides to CD8 + T cells, whereas RIG-I-stimulated DCs are by definition infected with the virus, which often renders them incapable of their antigen-presenting function. Furthermore, TLR7 is not expressed by the DCs that mediate cross-priming in vivo 100 . Thus, it is possible that if the antigen-presenting capabilities of DCs can be preserved by infection with an attenuated influenza virus, the importance of RIG-I in the generation of CD8 + T cell immunity might be revealed. Furthermore, infection with a whole inactivated influenza virus -that contains PAMPs but that is not capable of generating vita-PAMPs -has been used to identify a role of TLR7 in promoting the CD8 + T cell response 101 . In addition, antibody responses mainly rely on TLR7 (REFS 31, 101) . B cells express TLR7, and the detection of pathogen by the B cell receptor and TLR7 within the same endosome promotes robust antibody responses 102 . The physical connection between the PAMP and antigen that is necessary to elicit influenza virus-specific antibody responses indicates that the 'surrogate' detection of infection via the IL-1R that is used for T cell priming does not apply to B cell priming. The requirement of IL-1R for the induction of antibody responses 54, 55 may reflect the need to generate good T helper cell responses to support B cell function. The use of knockout mice that lack key innate sensors in specific immune cell subsets will reveal the cell type-specific requirements for these sensors in instructing various aspects of adaptive immunity.
Sensors triggered by influenza virus infection and vaccines.
The concept of hierarchical immunogenicity associated with the extent of threat has bearings on our understanding of immune responses to influenza virus infection, as well as on the better design of influenza vaccines. Although a seasonal influenza virus strain would probably elicit all three pathways of innate recognition, a pandemic influenza virus infection might elicit higher levels of TLR7, RIG-I 101 . However, the most common influenza vaccine given to adults -the trivalent or quadrivalent influenza split virion inactivated vaccine -consists of recombinant membrane HA and NA that are derived from three circulating strains and internal virion proteins that are derived from the A/PR8/34 influenza virus strain 30 . Although the split vaccine is not administered with any adjuvants, the viral RNA that contaminates vaccine preparation is thought to induce TLR7-dependent antibody responses 30 . These studies collectively indicate that distinct effector molecules are induced downstream of PRRs, and that depending on the viral burden and cell types infected, different PRRs have a non-redundant role in protecting the host from influenza virus infection. The degree of threat that is associated with the molecular signatures of infection seems to set the hierarchy for T cell priming. Understanding the principles of immune priming by the signatures that are associated with the top of the hierarchy could be used to improve vaccine design in stimulating more robust B cell and T cell immunity.
Therapies for influenza-induced acute lung injury Severe lethality associated with influenza virus infection is a product of both intrinsic viral virulence and the overt innate immune response to the infection. Viral determinants of pathogenicity that depend on host innate immune responses have been intensively studied 107 . The common feature of highly pathogenic influenza virus strains -such as the 1918 H1N1 and H5N1 strains -is the overt pro-inflammatory gene signature in the respiratory tract of infected hosts, which results from a combination of intrinsic viral virulence, viral replication capacity and aberrant host innate immune responses to the virus. In addition to virus-associated molecular signatures, a host-derived oxidized phospholipid (termed OxPAPC) contributes to inflammatory pathology in acute lung injury after H5N1 infection 108 . The oxidized phospholipid is produced in the lungs of mice after respiratory challenge with an inactivated H5N1 avian influenza virus and in the lungs of humans who have been infected with H5N1 virus 108 . The oxidized phospholipid stimulates TLR4 and induces inflammation and lung damage. A comprehensive lipidomic analysis of influenza virus-infected mice showed that 5-lipoxygenase metabolites predominated in pathogenic influenza virus infection, whereas the protective metabolites generated by 2,15-lipoxygenase were markedly reduced 109 . Current general immunotherapeutic strategies, including aspirin, statins, cyclooxygenase inhibitors and corticosteroids, have not proved to be effective in treating acute respiratory disease following influenza virus infection 110 . Recent efforts to treat acute lung injury caused by influenza virus can be classified into those intended to increase antiviral resistance and those that reduce the tissue damage that is mediated by the virus or by the immune system. Agents that aim to increase resistance must be administered in the early stages of infection and must be without inflammatory side effects. For example, recombinant type I IFNs cause 'flu-like symptoms' (REF. 111 ), which precludes them from being used to block such symptoms. A recent lipidomic screen has identified an omega-3 polyunsaturated fatty acid-derived lipid mediator, protectin D1, that inhibits influenza virus replication through the blockade of RNA nuclear export machinery 109 . Treatment of mice with protectin D1 was shown to protect the host against challenge with a lethal dose of influenza virus by reducing viral loads.
There are a number of approaches to reduce inflammation and immunopathology. Adenoviral delivery of active TGFβ was shown to delay mortality and reduce viral loads following H5N1 infection in mice 91 but in some cases, TGFβ leads to impaired viral resistance and death in mice 92 . A more promising approach is treatment with TNF-specific antibodies, which reduced pulmonary recruitment of inflammatory cells and the severity of illness without preventing viral clearance 112 . Another approach is to block the infiltration of leukocytes to the lung, such as the infiltration of neutrophils, which mainly accounts for gene signatures that are associated with fatal influenza virus infection 113 . Sphingosine 1-phosphate receptor 1 (S1PR1; also known as S1P 1 ) is expressed by lymphocytes and endothelial cells, and is known to control lymphocyte egress from lymph nodes 114 . S1PR1 agonists administered shortly after influenza virus challenge block chemokine expression in lung endothelial cells and protect mice from lethality without any effect on adaptive immune responses or viral loads 115 . In addition, attempts to block the TLR4-dependent inflammatory effect of oxidized phospholipids that are generated during influenza virus infection show promise in an animal model; blockade of TLR4 with eritoran (E5564; Eisai), a TLR4 antagonist, protected mice from disease and death following infection with the A/PR8 strain of influenza virus 116 . A different approach to treating the acute respiratory damage caused by influenza viruses could be to increase host tolerance. Because the tolerance capacity of each cell type differs considerably, and the vascular and respiratory systems are most vulnerable to the damage sequelae [9] [10] [11] , protecting endothelial cells and epithelial cells of the respiratory tract from influenza virus-induced damage is a priority. The administration of agents that increase tissue protective and reparatory factors -such as vascular endothelial growth factors, epidermal growth factors and antioxidants -to limit the damage caused by reactive oxygen species may be beneficial. In this regard, the administration of recombinant human catalase 117 (an enzyme that converts hydrogen peroxide into molecular oxygen and water), or apocynin 118 (an inhibitor of NOX2 NADPH oxidase) to the lung of influenza virus-infected mice was shown to reduce the levels of reactive oxygen and to confer some level of protection.
Conclusions and perspectives
The past decade has brought a great expansion in our understanding of innate sensing and responses to influenza virus infection. The field is now ripe for translating these findings into the clinic to prevent and treat diseases that are caused by influenza viruses. In this regard, it is important to keep in mind that a given influenza virus causes very different disease outcomes in humans depending on age, comorbidities, pregnancy and host genetics. The risk of influenza virus-related death increases exponentially after the age of 65, with over 90% of the overall annual influenza virus-related mortality in the United States being from this age group 119 . What makes the elderly more susceptible to influenza virusrelated illness and fatality? The age-dependent increase in comorbidities that are associated with a higher risk of influenza virus-related complications -such as chronic respiratory conditions, hepatic, renal, cardiovascular, haematological, neurological and metabolic disordershas a role. In older humans, complications from secondary bacterial infection are a leading cause of the morbidity and mortality that is associated with influenza virus infection 120, 121 . Therefore, efforts to minimize the damage that is caused by secondary bacterial infection are key to reducing mortality in this vulnerable population. In addition to these physiological factors, socioeconomic status dictates the outcome of influenza virus infection, as lower income populations with comorbidities are tenfold more likely to be hospitalized due to influenza virus-associated illness in the United States across all age groups 122 . Therefore, influenza virus disease should be treated as a complex disease, and like many other such diseases clinical outcomes could be improved by universal access to healthcare.
